Technical Characteristics and Accuracy Capabilities
of Delta Differential One-Way Ranging (ADOR) as a
Spacecraft Navigation Tool

James S. Border and John A. Koukos
Jet Propulsion I.aboratory
Cdlifornia Institute of Technology
Pasadena, California

Abstract

The technique of determining spacecraflt angular position by Delta Differential One-Way Ranging
(ADOR) is described. The dependence of measurement aCCUracy on parameters which define the
spacccra ftsignal spectrum is shown. To enable a ADOR measurement, a space.clafl must emit
scveral tONES. A nNarrow tone spacing is required for integer cycle phase ambiguity resolution,
while a wider tone spacing is required for high measurement accuracy. An illustration of ADOR
measurement accuracy, using the Mars Observer spacecraft, iSpresented. Guidelines for specifying
spacecraft tone spectra arc presented based on typical accuracy and ambiguity resolution needs, on
frequency allocation for deep space tracking, on the efficient USC Of spacecraft Signal power, andon
the efficient usC of ground tracking resources.

1. introduction

Very | .ong Baseline Interferometry (V1 Bl)isatechnique that allows determination 01
angular position for distantradio sources by measuring the geometric time delay between
receivedradio signals at two geographicall v separated dat ions. The observed time delay is
afunction of the known baseline vector JMing the two radio antennas and the direction to
the radio source.

An application of VI.BI is spacecraft navigation in deep space missions where the
measurements at two stations of the phases of tones emitted from a spacecraft are
differenced and comparedagainst similarly differenced phase. measurements of angularly
nearby quasar radio signals. ‘1bis application of VI .Blis known as Delta Differential One-
Way Ranging (ADOR).

As such, this technique may necessitate intra-agency cooperation because stations from
differentagencies can be used as ADOR data collectors for deep space navigation purposes,
The NASA Deep Space Network (DSN) has used this technique operationally in a number
of missions including Voyager, Magellan, and Vega. Currently, JP1. navigation teams are
employing ADOR in the Mars Observer and Galileo missions.

This technical position paper intends to provide implementation and performance details of

the. ADOR technique in order to support forging CCSDS! standards for spacecraft VI BI,
given the increasing popularity of this method among space agency navigators.

2. ADOR and Quasars

An interferometer processes signals recorded at two stations that are geographically
separated, The vector B from the first to the second station antenna is called the baseline
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Vector. If the direction §of an extraterrestrial radio source forms anangle O with the
baseline vector, then a single radio frequency (RE) source signal wavcl'rent arrive.s at the
two ends of the baseline with atime difference given approximately by
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assuming that B=|B|. This geometric time delay is an observable quantity with a
maximum possible value equalto earth radius/c, or 0.021 scc, and a rate of change due to
earth rotation up to 3.0 psee/sec.

The advantage of very long baselines can be shown by differentiating the above equation
with respect to geometric delay:
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in the above equation the longer the baseline B, the smaller the. angular position error for a
givenerror in observed time delay, DSN baseline lengths arc between 8,000 and 10,000
km, which yield angular position errors of about 30 nanoradians provided that
measurement error in observed time delay is not larger than 1 nanosecond. Note that 30
nrad correspo nds to about 22 km plane-of-sky position accuracy ata distance equal to that
ol’ Jupiter from the sun.

A ADOR measurement is generated from one-way range measurements made between a
spacecraft and each of two ground antennas, and an interferometric time delay measurement
of a natural radio source made using the same two antennas.

For a spacecraft, one-way range is determined locally at each station by extracting the
phases of two or more tones emitied by the spacecraft. One-way range measurements
contain unknown biases due to spacecraft clock offset, receiver clock offset, and ground
station instrumental delay. Differential one-way range (DOR) measureme nts are formed by
subtracting the one-way range measurements generated at two stations. The station
differencing eliminates the eftect of the spacecraft clock offset, but DOR measurements are
biased by ground station clock offsets and instrumental delays. The observed quantity in a
DOR measurement is analogous to the interferometric delay which may be measuredfor a
broadband radio source. asin 1 iq.(1).

To generate a ADOR measurement, an interferometric delay measurement of  an
extragalactic radio source (quasar) is subtracted from a spacec raft DOR measurement. Fach
station is configuredto acquire data from the quasar in frequency channels centered on the
spacecraft tone frequencies. 1'histeceiver configura tion choice ensures that the spacecraft-
quasar differencing eliminates the effects o f ground station clock offsets and instrumental
delays. In fact moreis accomplished. By selecting a quasar which is close in an angular
sense to the spacecraft, and by observing the quasar at nearly the same time as the
spacecrafl, the effects of errors inthe modeled station locations, earth orientation, and
transmissio n media delays are dim inished. A ADOR measurement determines the angular
position of a spacecraft in the inertial reference frame defined by the quasars.

The spacecraft and quasar observables are derived from processing digital samples of the
radio signals received at each station. The spacecraft tone phases may be extracted using
either open-loop or closed-loop techniques, but the quasar radio signal must be recorded




Open-Imp. The quasar data sample.s from twa stations must be transmitted to a central
processing facility for delay measurement extraction. The DSN stations currently generate
open loop recordings Of both quasar and spat.e.cralt signa s, t hough an experimental closed-
loop tone tracker isnow being, used during space.cra ft observations for rea It i me va Lidation.
The same instrumental receiver chain, to the point of signal digitization, must be used for
both spacecraft and quasar data acquisition.

The RF signals are selectively downconverted and filtered to generate several baseband
channels. Normally, one baseband channel is centered on ecach spacecraft tone. The
instantaneous channel bandwidth is typically in the range of afew hundred kiloHertz to a
few Megallertz. The DSN operational system, referred to as the Narrow Channel
Bandwidth (NCB) VI.BI System [Liewer 1988] , uses a 250 kb 1z channel bandwidth. The
analog signal in each channcl is digitally sampled at the Nyquist rate, and then either
recorded or input to the tone tracker. Yor DSN data acquisition, data samples are
transmitted to the Network Operations Control Center a J)’]. for observable extraction.

For spacecraft data processing, an a prior i tone phase model is computed, based on the
nominal measurement geometry and transmitter frequency. A search in frequency is
conducted to locate the actual tone frequency, and them tone phase is extracted using a
phase-locked imp. This procedure is repeated for cach tone at each station. Denote the
station-differenced received phase, for a spacecraft tone with transmitter frequency w;, by
¢(w,). Then the spacecra ft delay observable is given by
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The frequency separation between the two outermost DOR tones is referred to as the
spanned bandwidth of the spacecraft signal.

For quasar data processing, the data samples in each baseband channel from two stations
are cross-correlated to produce an estimate of interferometric phase ¢y(w)) at the channel
centroid frequency ‘w; [Thomas 1987]. Interferometric phase for a broadband radio source
is analogous to station-differenced phase for a sinusoidal radio source. The quasar delay
observable is given by
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The centroid of the receiver bandpass for channel 1 takes the. role of the discrete frequency
of DOR tone.

3. Spacccraft DOR Tone Structure

A spacecra ft t ransponder must emit several tones (referred to as DOR tones) spanning some
bandwidth to enable a ID OR measurer nent. The DOR tones are generate.d by modulating a
pure sine wave, or pure square wave onto the downlink carrier at either S-band, X-band, or
Ka-band. Requirements on the number of DOR tones, tone frequencies, and tone power
are based on the expected a priori knowledge of spacecraft angular position and on the
required differential range measurement accuracy, as discussed below.  Generally, a
narrow spanned bandwidth is nceded for integer cycle ambiguity resolution based On ¢




priori knowledge of spacceraftangular position, while awide spanned bandwidth is needed
for high measurement accuracy.

“1'Ones generated by modulating a carrier signal by asingle square wave provide alow
performance option.  The ratio of maximum spanned bandwidth to minimum spanned
bandwidth, for tones above (he detection threshold, jg ysually in the range of 1to 6. To
provide higher performance (i.e. awider spanned bandwidth with more prover in the outer
tones). while still providing a spanned bandwidth narrow enough for integer cycle
ambiguity resolution, more DOR tones are needed. Sine waves are normally ysed in multi-
tone systems based On € fficiency considerations.

For example. ADOR measurements were made for the Voyager spacecraft using high order
harmonics of the 360 kHz telemetry square wave subcarrier signal. More accurate ADOR
measurements have been made Of the Mars Observer space.craft using two sine wave
signals (3.825 Mz and19.125 M11z) modulated onto the downlink carrier.

It is preferable for DOR tones to be frequency coherent with the downlink carrier. This
facilitates the detection of weak DOR tones by allowing the use of a phase model derived
from the received carrier signal. Also, the transmitted spanned bandwidth of the DOR
tones, which must be known for the generation of a differential range observable from
received phase measurements, will in this case be a defined multiple of the transmitted
carrier frequency.

The most us ual DOR tone modulation formats are presented next.

3.1 DOR Tones Generated from Modulation by Two Sinewaves

Two sinusoidal tones with circular frequencies w; and w, are phase modulated on the
downlink carrier signal with pecak modulation indices m; and m,, respectively:

s(1) = V2P cos( w4 mysin(w,f) 4 msin(w,l) ). (5)

The above expression may be expanded to separate the carrier and main DOR tone
components of the signal from higher order harmonics:

s(1) = V2P [ Jo(m M o(mo)cos(wd ) - 21,(m ) o(m)sin(w Dsin(ew,!) -
21, (m) (mo)sin(w Dsin(wyt) 4 higher harmonics ] (6)

where J, and J, are Bessel functions of the first kind. The modulation produces tones at
frequencies of o+ w; and w2 w,. Modulation indices may be chosen to put more power in

the outer tones, while putting just enough power in the inner tones to provide for ambiguity
resolution.

The powers allocated to the carrier and the tones are easily deduced from the above
expression:

P.= P 2(m)] 2(m;),

Py = Py 2(my ) 2(m,), and

1= Pd2(m; M 2m;) . (7)

The corresponding modulation losses arc expressed as the. fractions below:
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P,- J o2 (m ;) 2(m),
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;,; = J,2(m, M 2(m,), and

P ,
7,j = J2(m ) 2(m)). (8)

The above two-sinewave signaling scheme is used on Mars Observer. I'or Mars Observer
the nominal values Of the DOR modulation indices are m,=0.64 rad and m,=0.32 rad for
the f;=19.125 MHz and [,=3.825MHz DOR tones, respectively. Such values yield
modulationlosses PC/PIU-I1,14 dB, P,/P,=-10.57 dB, and P’,/P,=-16.94 dB.

3.2 DOR Tones Generated from Modulation by One Squarewave

In this case, one squarewave signal with unit amplitude andfrequency w, is phase
modulated on the downlink carrier to generate adownlink signal with multiple tones:

s(0) = V2P cos( @t 4 msqwv(w,l) ). 9
The cosine of the sum may be expanded to give:
s(0) = V2P, cos(msqwv(w; 1)) cos(w ) - V2P, sin(m;sqwv(w;t)) sin(w).  (10)

The second term On the right hand side is acarrier signal multiplied by a square wave with
amplitude sin(m;,). This square wave has a Fouricr expansion

o Cos| (2 - 1wt
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and Eq. (10) may be rewritten as

s(0) = V2P, cos(msqwv(w;, ) cos(w ) -

= cos| (2k — 1)w,t
V. 2]’,»sin(m,)-4v 2-(08[(A ,7)(0,1,,:1 sin(ew,1). (12
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The second term On the right hand side produces tones atodd multiples Of the subcarrier
frequency spaced about the carrier. The modulation loss formula for the squarewave
harmonics iseasily calculated from the. coefficients Of the above expression:
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Considering that the cosine is an even function, the first term On the right hand side Of .
(10) would appear to produce a pure carrier signal with 1),/1',=- cos?(m;). 110wever, since
the square wave must be band limited, the function cos(m;sqwv(w;,1)) is actually a spike
train with period 27/(2w,;) and amplitude (1- cosm;). This spike train produces even
harmonics of the square wave frequency about the carrier signs 1[1 lildebrand and Yunck
1982]. For high rate subcarricrs, say above 360 kl1z, the.sc. tones may be detectable and



usable as DOR tones. The power in the even harmonics is proportional to (1 - cosm;)?, but
the actual power depends On the shape. Of the subcarrier signal. The tota 1 power in the even
harmonics, excluding the carrier signal itself, isusualy quite small.

When telemetry modulation isimposed onthe subcarrier, the Odd harmonics arc spread and
are NOt usable for DOR measurements. The even harmonics generated from the spike train,

onthe other hand, remain as pure tones.  High order even harmonics of the high rate
telemetry subcarrier, at alevel of about -30 dB relative to the total signal power, were used
as DOR tones for the Voyager and Magellanspacecraft.  While such measurements of
opportunity may be useful, it isdifficult to plan for this case since. the spectrum depends On
the. precise shape Of the subcarrier signal,

Normally, low order odd harmonics of the square wave modulation would serve as DOR
tones. This scheme was used on the Vega and Phobos missions.

As an example consider a fully xupprcwcd carrier (nm,;=900). Then the suppression of the
first two odd square wave harmonics is given by:

;;z -3.92 dB and

T

—Pf = -13.46 dB (14)
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4. Sipnal Detection Requirements

Signa de tectionrequirements are stated interms 01 the voltage signal-to-noise rati O fOr an
1-see average. Vor a sinusoidal spacecraft signal, the requirement may be expressed in
terms of tone power to noise power spectral density.  For abroadband quasar signal, the
requirement may be expressed interms of source flux, antenna gain, antenna noise
temperature, and recorded bandwidth. The requirements given here are not theoretical
limits, but rather practical thresholds based On typical system coherence times® and
operational data processing methods.

The requirements are:

SNR%C > 5.0 for a spaceeraft tone, and (A)

SNREM > 1.3 for a broadband quasar source, B)

where SNRy, is the voltage signal-to-noise ratio for an I-see average.. The difference in
detection criteria is due to the e ffective coherence time. Quasars signal detection is based on
an averaging time of about 60 sec, since geometric delay models for quasar signals arc
quite wellknown a priori. Butspacecraft signal detection must usually be based on an
averaging time of order 1sec, since tone phase models are not well known a priori. 1!"the
spacecraft transmits carrier signal which satisfies criterion (A), andif differential range

* The system coherence lime maybedefinedasthe time for theactual signal phase to wander by 0.1 eycle
from the model signal phase.
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measurements are to be made using side tones which are coherent multiples of the carrier
signal, then the detection requirement for the sidetones may be relaxed to

SNRY =1.3 for a spacecraft tone which isa (c)
coherent multiple Of aspacecraft
carrier signal which satisfics criterion (A).

For a spacecraft tone, the 1-sec voltage SNR is related to P2, /N,, the tone power to noise
power in a 1 Hz bandwidth, by

~ s/C 27”21)'()":‘
smw=$mLA (19)
n N,

where the. factor 2/z isdue to 1-bit sampling of the signal. The factor 2/n is replaced by
unity for asystem which supports mu]ti-level sampling. Using Eq. (15), criteria (A) and
(C) may be rewritten as

]1

—NIB"‘- 213 dBeHz  foraspacec afttone, (A")
: NOM >1dBellz for a spacecra fttone which isa (c)

coherent multiple of aspacecraft
carrier signal which satisfies
criterion (A"),

For a broadband quasar signal, the 1-sec voltage SNR is related to system parameters by
[Thomas 1981]

~ > (7,
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where K; is the system loss factor (0.8 10 1.0), the factor 2/nis due to ~-bit sampling, 7,
T; are the correlated source temperature, and system noise temperature at antennai, and N,
is the number of data samples in 1second. The correlated source temperature for antenna i
is given approximately by

Ta= 0.00030 ear17 5, (17)

where & ’iare the efficiency andradius (im)for antennai and SC is the correlated source
flux (Jansky or Jy). For the DSN NCB VLBI System operating at X-band, K, = 0.8, & =
(.6() fora 70-m diameter ante.nna at 10° elevation, = 0.68 fOr a34-m diameter antenna at
10° elevation, 7, = 30 K, and N, =500,000. Using these nominal valuesin Egs (16) and
(17), the detection criterion (B) isrestated in terms 01 minimum required correlated source
flux for DSN antenna pairs in *1'able 1.



‘1'able 1. Minimum correlated source flux for signal detection at X-band using the
NCB VI Bl System.

DSN Anten na Pair Minimum Correlated Flux
70m-70m 0.16 Jy
70m-34m 0.30 Jy
34m-34m 0.60 Jy 1

S, ADOR Measurement Accuracy

The precision Of a spacecraft DOR measurement, given by Eq. (19) below, depends On the
received tone power to noise power rat io and On the. spanned bandwidth Of the 1)01{ tones.
But the accuracy of a ADOR mecasurement, given by the sum of Eqs. (19) through (28)
below, also depends on the precision of the quasar delay measurement, on knowledge of
the quasar position, on clock stability, on instrumental phase response, and onuncertainties
in earth platform models and transmission media dc¢lays. An error budgetfora ADOR
measurement depends On observation geometry and all Of these factors. Specifications for
DOR tone power level and spanned bandwidth are based on total ADOR measurement
accuracy, rather than only on spacecraft DOR measurement precision.  Simplified formulae
are given here 'or evaluating ADOR measurement accuracy to provide a basis for
developing transponder specifications,

Normally,a ADOR pass consists of three “scans’ of data recording each of a few minutes
duration. The observin g sequence is spacecraft-qu asar-spacecra fi, A ADOR observable is
generated from the linear combination Of the three measurements which eliminates linear
temporal errors. The observed qua nt ity in a ADOR observation istimedelay.

5.1 Spa cecraft SNR

The precision of measurement of tone phase, for 73 sec of data, is described by the error in
the tone phase measurement:

1
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A DOR measurement is formed {rom tone phase measurements, received at two stations, as
in Iiq. (3). Assuming that the four tones have the same received power to noise ratio, the
delay error g, is given by

€, = — T/ 2 see (19)

27 iy o[- ]:]bs SN
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where fyy is the spanned bandwidth (112), 7', is the observation scan length (sec), and N,

is the number of channels of data recorded by time multiplexing. Set N, to unity if data
channels are recorded in parallel.



5.2 Quasar SNR

The quasar delay measurement error is given by ['1’hems 1981]

V2
£ = ’l SeC.
27 i \/i]:’,"»‘ SNR‘(,T"

c

(20)

'The spanned bandwidth for the quasar measurement must be selected to be the same as for

the spacecraft tones to ensure cancellation Of the cll’eels Of dispersive instrumental phase
shills.

5.3 Quasar Position

Uncertainty in the position coordinates of the reference quasar will cause a ADOR delay
error through the relation given by Eq. (1). Assuming a spherical position uncertainty of &g
rad, the delay error is

B

£, = T{’— £, SCC (21)

where B, is the projected baseline length.

5.4 Clock Instability

Instability in the station frequency standard Or tem poral instabilities in instrumental
com Orients cause a delay crror which depends On the. time separation between the
spacecraft and quasar observations. The delay er Or isgiven by

£, = '\[27,‘q/('-(1.m£,1]/f s¢e (22)
where T (sec) is the time separation between the spacecraft and quasar observations

and e4ris the composite Allan standard deviation of the station frequency standard and
frequency distribution system.

S.5 Instrumental Phase Ripple

A quasar signal is affected by the station instrumental phase response across the bandpass,
whereas a spacecrafttone is affected by the instrumental phase shift at the tone frequency.
A deviation of the phase response from a smooth phase versus frequency transfer function
is referred to as phase ripple. Instrumental phase ripple of g, deg causes adelay error of

1 ¢
E. = ’\/'2'J2 - -A-—---~7—><~¢{ SCC 23
, e e (23)



assuming the phase ripple is independent in each channel and at each station, and assuming
that the phase ripple averages to zero for t he quasar measurement.

S.6 Station lL.ocation

Uncertainly instation coordinates causes a delay error which depends on the spacecraflt-
quasar angular separation. Assure ing asphericaluncertainty &, in baseline position
components, the delay error is

e = At 1S58 e (24)
c

where AO isthe spacecraft-quasar angular separation (rad).

5.7 Earth Oricntation

Uncertainty in the orientation of the | {arth ininertial space causes adelay error of thesame
form as station location uncertainty. The delay error IS

£, = AO.FQM.AI $eC (25)
C

where ey, is the positional uncertainty in UT1-UTC and polar motion at the Earth's
surface.

5.8 Troposphere

Uncertainty in the zenith tropospheric delay, primarily due to variations in the wet
component, causes a systematic delay error of

e, =L . 1o " : sec (26)
Cl9NYge SNYow

where p, is the zenith uncertainly, yqc is the spacecraft clevation angle, and Yosx IS the
quasar elevation angle. There is a term of this form for each station.

5.9 lonosphere

The ionospheric error depends On signalfrequency and path delay uncertainty after
calibration. A rough empirical formula, based on comparisons o f ionospheric ¢a librations
derived from Faraday rotati On measurements with dual frequency quasar VI.BI
measurements [Edwards 1991], is given by

. (11464169 A0)

3 x107 see (27)
fi\?l"
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where A0 is the spacecraft-quasar angular separation (rad) and f},. is the signalradio
frequency (GlHz).

5.10  Solar Plasma

The solar plasma error depends on signal frequency and proximity of the the signal
raypaths to the sun. An estimate for the delay error is given by [Callahan 1978]

0.75

1.013 B ‘
£, = £-—(3!--~[sin(SIz'I’)] “(»»-”) x 107 see (28)
Jr Vaw

where SEP is the sun-radio source angular separation, B, is the projected baseline length
(km) at the point of signal closest approach to the sun, vg, (kn~/see) is the solar wind
velocity, and f,. is the signal frequency (Gl1z). ‘1'here is atermof this form for both the
spacecraftandthe quasar,

5.11  Root-Sum-Square

The predicted ADOR measurement accuracy is computed as the RSS of the above ten
terms. Equation (2) may be used to relate delay measurement accuracy to angular position
accuracy.

6. Mars Obscerver ADOR Error Budget

The formulae of Section 5 show how Al YOR measurement accuracy depends on spacecra
transponder parameters, on observation geometry and scanlength, on instrumental
stability, and on the accuracy of external calibrations. Nominal values for these
parameters, applicable for the cruise phase of 'the Mars Observer mission andfor data
acquisition using the DSNNCB VL.BISyste m, arc givenin Table 2. Figure 1 shows the
error budget which corresponds to these parameter values.

1



Table 2. Nominal parameter values for evaluation of Mars Observer ADOR error budget.

SEP

[Q N PR T2 IRON P T

Term Description Nominal Value

Prone!/No DOR tone power to noise power spectral density 25 dBellz

K; System loss factor (quasar data acquisition) 0.8

N, Number of quasar data samples per second 500,000

T, System noise temperature, antenna i Antenna 1: 30K
Antenna 2: 30K

£ Efficiency, antenna i Antenna 1: 0.60
Antenna 2: 0.68

r; Radius, antenna i Antenna 1: 35m
Antenna 2: 17 m

S Caorrelated source flux 0.8 Jy

fow Spanned bandwidth 38.25 Mllz

Tobs Observation scan length S/C: 10 min
QSR: 14 min

N, Number of time-multiplexed frequency channels 4

€ Quasar position uncertainty 5 nrad

B, Projected baseline length 8000 km

Tgic-osr Time separation between S/C and QSR observation 12.5 min

€ asy Clock Instability 10-14

£y Instrumental phase ripple 0.5 deg

A0 Spacecraft-quasar angular separation 10 deg

Egn Bascline coordinate uncertainty, cach component 3cm

Evrrm Baseline orientation uncertainty, each component 5cemt

0 Zenith troposphere delay uncertainty, cach station 4 cm

Ysic Spacecraft elevation angle Antenna 1: 20 deg
Antenna 2: 25 deg

Yosk Quasar elevation angle Antenna 1: 25 deg
Antenna 2: 20deg

Srr Signal radio frequency 8.4 Gl

Sun-Earth-Source angle 50 deg

AN L fonn

! Realtime prediction uncertainty for UTT-UTC s 30 cm. A processing delay ol 1T week is necessary 1o
obtain § cm accuracy for carth orientation calibrations.
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Figure 1. ADOR error budget (1-0) for Mars Observer, based on the nominal
parameter values given in Table 2.

The RSS ADOR measurement accuracy of 0.23 nsec, shown in Fig. 1, provides an
angular position accuracy of 9 nrad for a projected baseline length of 8000 km. The
dominant errors due to quasar SNR, quasar position, instrumental phase ripple,
troposphere, and ionosphere vary considerably with observing schedule and geometry, so
that actual performance for Mars Observer ADOR accuracy falls within a range of values
from 0.1 nsec to 0.7 nsec. The DOR tones emitted by the Mars Observer transmitter
clearly enable ADOR measurement accuracy, using the DSN, of better than 1 nsee.

Perhaps the single most important parameter in the error budget is the spanned bandwidth
of the spacecraft DOR tones. Doubling this bandwidth, while holding other parameters
fixed, will halve the errors due to spacecraft SNR, quasar SNR, and instrumental phase
ripple, Once antennas and data acquisition terminals are implemented, little control is
available over the other parameters which affeet quasar SNR and instrumental phase ripple.
For example, the quasar scan length must be increased by a factor of four to halve the error
due to quasar SNR if other parameters are held fixed.

7. Integer Cvyvele Phase Ambiguity Resolution

Only the fractional part of signal phase can be measured; the integer part must be
determined from a priori knowledge. This phase ambiguity leads to a ADOR time delay
ambiguity equal to the reciprocal of the minimum spanned bandwidth. For ambiguity
resolution at the 99% confidence level, the spacecraft geometric delay must be known «
priori in the radio reference frame to 1/6 of the reciprocal minimum spanned bandwidth.
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Delay ambiguities in observables generated from wider spannedbandwidths arc resolved
successively by using delay estimates from the narrower spanned bandwidths.

For example, the angular position of the spacecraft must be known a priori with a 1-0
accuracy of 1 prad to confidently resolve the ambiguity in a ADOR measurement which
was made by using a 5 Mz spanned bandwidth and a 10,000 km projected baseline
length. This level of accuracy is normally achieved using a few passes of Doppler and
range data.

Once the delay ambiguity has been resolved for a spanned bandwidth of fj,,,, then the
ambiguity may be resolved for a spanned bandwidth of 2)fy,,,, provided that

1 < 1/(6o,,), (29)

where oy, is an upper bound On the 1-¢ dispersive error (cycles) in the channel-
differenced, station-d ifferenced phase measurement used to generate delay at the spanned
bandwidth fyy,. Dispersive errors, caused by system thermal noise, instrumental phase
ripple, and interchannel oscillator phase drift, are conservatively bounded by 0.03 cycle,
in dicating that spanned bandwidth may reliably increase.bya factor of 5.5.

In a multi-tone system, a tone frequency ratio of fo/f; = 12 is consistent with a jump of at
most 5.5 in spanned bandwidth. The ambiguity is first resolved using the carrier tone and
one DOR tone at frequency separation f, from the carrier. Next, the ambiguity at spanned
bandwidth 2f; is resolved. The resulting delay estimate is used to resolve the ambiguity at
spanned bandwidth f,-f;, which may finally be used to resolve the ambiguity at spanned
bandwidth 2f,. Note that f;/f; = 12 follows from (f,-f,)/(2f;) = 5.5.

Dispersive phase measurement errors may be considerably less than 0.03 cycle for a highly

linear ground receiver system operating with strong signal levels. For this case use Eq.
(29) to determine the greatestallowable jump in spanned bandwidth.

8 Proposed Spacecraft DOR ‘1'011(" Spectra

The material developed in Seetions 1through 8 may be used to derive specifications for the
number Of spacecraft DOR tones, tone powers, and tone frequencies, given mission
navigation accuracy requirements. Guidelines for DOR tone spectra are presented here.
based On t ypica i accuracy and ambiguity resoluti On needs, On frequency ai locationfor deep
space tracking, on the efficient use of spacecraft signal power, and on the e fficient use of
ground tracking resources. 'The case of a single spacecraft in interplanetary cruisc is
considered first. Next, the.spcci:ll case of differential V1,131 measurements made between
t wo spacecraftisconsidered.

8.1 Cruise Navigation Support:  Ambiguity Resolution and Measurement
Accuracy

A minimum spanned bandwidth of 5 Mllz or less is recommended so that integer cycle
delay ambiguities may be resolved, for the longest basclines, using only 1 prad a priori
knowledge of spacecraft angular position. This spanned bandwidth may be realized using
the carrier signal and the first harmonic of a DOR tone whose frequency is S Mz or less.
The required a priori knowledge may be obtained by using Doppler or range data, or by
using the unambiguous AVI BI delay rate observables which can always be generated from
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the phase measurements used to generate a ADOR observable, or by making a ADOR
measurement using the spacccraft telemetry signal. For some cases the a priori trajectory
knowledge may be much better than 1 prad, and the minimum spanned bandwidth may be
much greater than S Mlz.

The final ADOR measurement is derived using the widest spanned bandwidth provided by
the D OR tones. Measuremen t accuracy, as a function o f spanned bandwidth, is plotted in
Fig. 2. The separate errors due to spacecraft SNR, quasar SNR, and instrumental phase
ripple are shown; the RSS of all other measurement system errors is shown with label
"other errors"; the total RSS error is shown. This error computat ion assumes that data are
acquired at X-band using a DSN 70m-34m antenna pair with the NCB VLBI System, the
quasar flux is 0.5 Jy, and the received spacecraft DOR tone power 1o noise spectral density
is 15 dBeHz. All other assumptions are as given in Table 2.

5- R

- - - - S/CSNR
-~ QSRSNR
.- PHASE RIPPLE
OTHER ERRORS
— RSS ERROR

0 5 10 15 20 25 30 35 40
DOR TONE SPANNED BANDWIDTH (MH2)

MEASUREMENT SYSTEM ERROR (nsec)
i\

Figure 2. T'ypical ADOR measurement system errors at X-band
as a function of spacecraft tone spanned bandwidth,

As seen from Fig. 2, a spanned bandwidth of 35 MHz or greater is needed to reduce the
errors which depend on spanned bandwidth to a level comparable with typical values for
other measurement system errors. Measurements generated using a more narrow spanned
bandwidth do not make efficient use of DSN resources, since more station time is required
to obtain the same level of trajectory accuracy. For this same reason, it is recommended
that the received power to noise spectral density ratio be at least 15 dBelz for the outer
most DOR tones. If the signal level is much less than 15 dB<Hz, then the spacecraft scan
length must be much longer than the quasar scan length to reduce the error due to spacecraft
SNR to a level comparable with the error due to quasar SNR. The inner DOR tones, which
are only used for ambiguity resolution, need only be strong enough to detect.
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The frequency bandwidth allocation for deep space tracking is 10 M1z at S-band (2.3

Gllz), 50 Mllz at X-band (8.4 Gllz), and 400 Mz at Ka-band (32 Gllz). The
recommendations, which are consistent with these allocations, are given in Table 3.
Table 3. Proposed spacecraft DOR tone spectra for deep space tracking.
‘requency Band Proposed DOR Tone Spectra Accuracy’

Number of |DOR Tone Frequencie
DOR Tones | (Approximate)

S-band 1 4 Mllz, 41 nrad
X-band 2 4 Mllz and 20 Mllz 9 nrad
Ka-band 3 4 MHz, 20 MlHlz, and 120 Ml1z 7 nrad

The assumptions vsed in this accuracy prediction are as given in Table 2 except: signal frequency is
2.3 GHz for S-band, 8.4 GHy for X-band, 32 Gz for Ka-band; DOR tone power to noise power spectral
temperature is 30 K for S-band and X-band, and 60 K for Ka-band;
X-band, and 0.25 Jy for Ka-band; charged particle errors are scaled by

converted from nsee to nrad assuming 8000 ki baseline projection.

The DOR measurements are generated using the 2188 harmonics of the DOR tones. At S-
band, one tone provides for ambiguity resolution and provides the widest bandwidth that
fits within the allocation. At X-band, two tones are generally needed to provide for both
ambiguity resolution and for high accuracy. At Ka-band, a wider spanned bandwidth is
necessary to reduce the size of the error due to quasar SNR, since, for Ka-band relative to
X-band, quasar flux is reduced and system noise temperature is higher. Three tones are
needed at Ka-band to provide for successive ambiguity resolution and to produce a
sufficiently wide spanned bandwidth.

The proposed tone frequencies listed in Table 3 are meant to be
approximate values, not exact values. Yor example, at X-band, one tone in the
range of 2 to S MHz, and a second tone in the range of 17.5 to 24 MHz, satisfies all the
guidelines.

The ADOR measurement accuracy shown in ‘Table 3 is the typical value attained today
using the DSN NCB VIL.BI System for S-band or X-band. The value shown for Ka-band
is a projection. It should be noted that a number of sources of error, such as quasar
position, quasar SNR, and uncalibrated tropospheric delay, could be significantly reduced
in the future. Thus total measurement accuracy could possibly be improved by
incorporating a wider spacecraft DOR tone spanned bandwidth or by transmitting more
power in the outer DOR tones.

8.2 Special Cas Spacecralt-Spacecraft AVI.BI

When one spacecraft is approaching a planet at which another spacecraft is already in orbit
or landed on the surface, then AVI.BI measurements between the two spacecraft can
provide target-relative angular position. When two or more spacecraft are operating in orbit
or on the surface of the same planet, then earth-based Same-Beam Interferometry (SBI)
measurements can increase both the efficiency and the accuracy of positioning. For these
applications, to achieve the best performance, there are additional compatibility
requirements on the signal spectra of the spacecraft to be jointly observed. The signal
requirements depend on the characteristics of the ground receiver system and on the
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navigation performance requirements. The relevant issues are introduced here, but detailed
design criteria are not given.

8.2A Spacecraft-Target AVLBIL Studies have shown that the use of spacecraft-
spacecraft AVI.BI for planetary approach navigation canreduce targeting errors by afactor
of two tothree relative to solutions based on Doppler, range, and spacecraft-quasar ADOR
[Edwards et al. 1991]. The ADOR technique employs observations of two radio sources at
the same frequency in order to eliminate the effects of dispersive phase shifts in the station
receiver chain. To make AVI.Blmeasurements between two spacecraft, either the. two
spacecraft must emit DOR tones at or near the same frequencies, or external calibrations
must be used to reduce the effects of dispersive instrumental phase shills. 1 lere, “mar the
same frequency" means that both signals must fall within the same baseband rece iver
channel, anti that each spacecraft must provide thesame spanned bandwidth. Instrumental
cffects are analyzed in [Border er al.1992).

The DSNNCB VI Bl Systemhas 250 k] 12 baseband channels. Each channel is
downconverted from RF using an analog mixing signal. An arbitrary phase shift is
introduced in each channel by this process. Iorspacecraft-spacecraft AVI .11, where the
two spacecraft do not emit compatible signals, the receiver system must be calibrated either
by observing a quasar or by injecting acomb of’ calibration tones locally at cach station.
‘1 'hese ca Libration t echniques are operationslly cumbersome and degrade t he data accuracy.

The spacecraft signal compatibil ity requirements could be relaxed if the station receiver
system digitized the entire. passband before downconverting selected portions of the
spectrum to baseband.In an all-digital system, the two spacecraft need not transmit at the
same frequencies, spacecraft tone. phases could be extracted locally in realtime,and
spacecraft-spacecraft AVI Blobservables could be generated immediatel 'y following
acquisition.

8.2B Orbiter-Orbiter SBL. For tw o planctary orbiters, SBI data are generated
from carrier phase measurements acquired simultaneously at two stations from the two
spacecraft. The SBldata sense the relative. motion of the spacecraft in the plane of the sky.
Studies have shown that SBI data, when combined with Doppler data, can improve orbital
accuracy by anorder of magnitude relative to solutions generated from only Doppler data
[Folkner and Border 1992]. No DOR tones are needed to enable this measurement ; each
spacecraft must transmit a carrier signal. Data arcs of 1to 2 hr are needed. A carrier phase
bias must be estimate d for cach arc; ambigu ity resolution is not required. The spacecraft
signals should be in the same RI band, but there are no further compatibility requirements
for this application.

8.2C Lander-Rover SB1. The SBI measurement becomes extremely accurate as
the angular separation between radio sources decreases. For the case of a rover and lander,
accuracy as good as 10 prad is possible. Studies have shown that SBI measurements,
combined with line-of-sight range measurements, could enable nearly instantaneous earth-
based positioning of a rover relative to a lander at the 1-m level [Kahn ef al. 1992]. To
achieve this level of accuracy, the phase ambiguity must be resolved in the carrier cycle.

It follows fromthe analysisin Section 7 that carrier cycle ambiguity resolution requires

either several DOR tone sat intermediate frequencies, or a ground rece iver system with high
phase-linc;irity.  Also, as for spacecraft-spacecraft AVI.BI, the signals from the two
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spacecraft must be at or near the same frequencices, unless the station receiver system
digitizes the entire passband before downconversion to baseband.

As in the case of two orbiters, relative positioning information for a lander and rover may
be obtained from an arc of SBI data without resolving the carrier cycle ambiguity. Only a
carrier signal from each spacecraft is needed to enable this measurement. The performance
for this case depends on the length of the data are.

9. VI.BI Compared to other Navipation Technigues

Earth-based radio metric tracking is the primary source of navigational data during
interplanctary cruise. Recent studies {e.g. Thurman and Estefan 1993] predict that angular
accuracy as good as 50 nrad can be inferred, in some cases, from long arcs of line-of-sight
Doppler data. The advantages of using ADOR measurements are:

- ADOR provides a direct geometric measure of plane-of-sky position.  Orbit
solutions based on ADOR data show differing sensitivities to system errors, as
compared to orbit solutions based on only line-of-sight measurements.
Solutions which incorporate ADOR do not have singularities at low geocentric
declinations or other adverse geometries.

*  Comparable trajectory accuracy is obtained using either short arc (few days) or
long arc (few months) solutions when ADOR data are used. Spacecrafl state
can be recovered more quickly following a maneuver.

- Navigation requirements can be satisfied by 1 hr of tracking time per week, hus
reducing both the duration and number of wecekly tracking passes,

= ADOR data may be acquired in a listen-only mode; an uplink is not required.

* ADOR data can provide improved angular accuracy.

10. Summary

A ADOR measurement is generated by comparing, at two ground stations, the phases of
two or more tones emitied by a spacecraft, and by measuring the difference in time of
arrival, at the same two stations, of a broadband quasar signal.

It is preferable for DOR tones to be frequency coherent with the downlink carrier. This
facilitates the detection of weak DOR tones by allowing the use of a phase model derived
from the received carrier signal.
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J
Signal detection requiresa threshold ot Tone » 13dB. 11z for a spacecraft tone alone as

P
compared to a threshold of —‘——‘1”N‘021dB }?/Mr a spacecraft tone which is a coherent
submultiple Of a spacecraft carrier signal ,

The ADOR measurement error is typically dominated by uncertainties due to quasar SNR,
quasar position, instrument al phase ripple, and troposphere. Doubling the spanned
bandwidth of the spacecraft DOR tones, while holding other parameters fixed, will halve
the errors due to spacecraft SNR, g uasar SNR, and instrumental phase ripple.

At S-band, one tone provides for ambiguity resolution and provides the widest bandwidth
that fits within the allocation. At X-band, two tones are generally needed to provide for
both ambiguity resolution and for high accuracy. At Ka-band, awider spanned bandwidth
is necessary to control the size of the error due to quasar SNR. Three t ones areneeded at
Ka-band to provide for ambiguity resolution and to produce a sufficiently wide spanned
bandwidth.
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